Herpes simplex virus (HSV) 1 stimulates type I IFN expression through the cGAS-STING-TBK1 signaling axis. Macrophages have recently been proposed to be an essential source of IFN during viral infection. However, it is not known how HSV-1 inhibits IFN expression in this cell type. Here, we show that HSV-1 inhibits type I IFN induction through the cGAS-STING-TBK1 pathway in human macrophages, in a manner dependent on the conserved herpesvirus protein ICP27. This viral protein was expressed de novo in macrophages with early nuclear localization followed by later translocation to the cytoplasm where ICP27 prevented activation of IRF3. ICP27 interacted with TBK1 and STING in a manner that was dependent on TBK1 activity and the RGG motif in ICP27. Thus, HSV-1 inhibits expression of type I IFN in human macrophages through ICP27-dependent targeting of the TBK1-activated STING signalsome.
Introduction
Herpes simplex virus 1 (HSV-1) is a human pathogenic herpesvirus belonging to the subfamily of Alphaherpesvirinae. HSV-1 is widely distributed in human populations and capable of triggering a broad range of pathologies, ranging from the benign cold sores to fatal encephalitis. Primary HSV-1 infections are initiated by lytic viral replication in mucosal epithelial cells, and from this site, the virus enters into sensory neurons, where a lifelong latent-recurrent infection is established (Roizman et al, 2013) . It is well established that the immune status of the host is a central determinant of the clinical outcome of HSV-1 infections (Paludan et al, 2011) .
The innate immune system is the first line of defense against pathogens, including HSV-1 (Paludan et al, 2011) . This arm of the immune system exerts antiviral activity primarily through type I interferons (IFN)s and natural killer cells. In the case of HSV-1 infections, recent work has established that impaired ability to stimulate type I IFN expression strongly enhances susceptibility to herpes simplex encephalitis (Zhang et al, 2007; Perez de Diego et al, 2010; Sancho-Shimizu et al, 2011; Herman et al, 2012; Andersen et al, 2015) . Crucial for the activation of the antiviral program is the recognition of pathogen-associated molecular patterns (PAMPs) by pattern recognition receptors (PRRs) (Akira et al, 2006; Paludan & Bowie, 2013) . Both RNA and DNA have been reported to stimulate IFN production during HSV-1 infections. The dsRNA-sensing TLR3 pathway is central for mounting full IFN responses in different cell types in the CNS, and genetic defects in this pathway lead to susceptibility to herpes simplex encephalitis (Zhang et al, 2007; Perez de Diego et al, 2010; Sancho-Shimizu et al, 2011; Herman et al, 2012; Andersen et al, 2015) . Herpesviral DNA and mitochondrial DNA released in response to infection-induced stress are detected by the nucleotidyltransferase cGAS in a sequence-independent fashion Wu et al, 2013; Rongvaux et al, 2014; West et al, 2015) . DNA sensing stimulates signaling dependent on the adaptor protein stimulator of interferon genes (STING) (Ishikawa et al, 2009) . Experiments in mice have shown that the lack of cGAS or STING renders mice highly susceptible to HSV-1 infections (Ishikawa et al, 2009; Li et al, 2013b) . At the mechanistic level, DNA sensing by cGAS leads to production of cyclic GMP-AMP (cGAMP), which docks on STING to induce a conformational change allowing recruitment of the kinase TANK-binding kinase 1 (TBK1). This in turn allows recruitment of the transcription factor IFN regulatory factor 3 (IRF3) to the phosphorylated surface of STING, where IRF3 is phosphorylated and activated in a TBK1-dependent manner, to stimulate IFN-b gene transcription (Tanaka & Chen, 2012) . Interestingly, the phosphorylation of the adaptor protein creates a positively charged surface to which IRF3 can bind. This is a property conserved among all of the three main IFN-stimulating adaptors in innate immunity, namely STING, TRIF, and MAVS .
Because viruses have co-evolved with their hosts, they have gained mechanisms to evade and suppress host immune responses. Different proteins of HSV-1 are described to target immunological pathways, including the MHC pathway by the infected cell protein (ICP) 47 (York et al, 1994; Oldham et al, 2016) . With respect to viral evasion of the type I IFN pathway, most work has concentrated on the viral E3 ubiquitin ligase-infected cell protein (ICP)0. HSV-1 deficient for ICP0 induces enhanced type I IFN levels in in vitro cell systems, compared to wild-type (WT) virus. At the mechanistic level, ICP0 has been reported to target the DNA sensor IFI16 for degradation (Orzalli et al, 2012) , but also to employ other mechanisms (Cuchet-Lourenco et al, 2013) . Other HSV-1 proteins reported to interfere with induction of type I IFN expression include VP16, Us11, ICP34.5, and ICP27 (Melchjorsen et al, 2006; Verpooten et al, 2009; Xing et al, 2012 Xing et al, , 2013 . Moreover, Vhs, ICP0, and ICP27 have also been reported to inhibit type I IFN-stimulated signaling through the Jak-STAT pathway (Mossman et al, 2000; Suzutani et al, 2000; Johnson et al, 2008) . ICP27 is a multifunctional protein that is essential for HSV-1 replication (Rice & Knipe, 1990) . The essential function of the protein is supported by the fact that ICP27 is conserved among all herpesviruses (Sandri-Goldin, 2011). The described functions of ICP27 in the viral replication cycle include transport of intronless HSV-1 mRNA transcripts from the nucleus to the cytosol in a manner where ICP27 favors the transport of viral transcripts over host mRNAs (Koffa et al, 2001; Chen et al, 2005; Tian et al, 2013) . However, the mechanistic basis for inhibition of innate immune responses by ICP27 remains poorly defined.
In recent years, it has emerged that macrophages constitute a central source of type I IFN during infections with viruses, including HSV-1, and that IFN from this source contributes significantly to antiviral immunity (Eloranta & Alm, 1999; Kumagai et al, 2007; Goritzka et al, 2015) . Despite this, there is no mechanistic information on how HSV-1 evades the type 1 IFN response in human macrophages. In this work, we report that although only very limited productive replication occurs in HSV-1-infected human macrophages, ICP27 is expressed and the protein is essential for counteracting the production of type I IFNs. ICP27, which is highly conserved within the Simplexvirus genera of the Herpesvirinae, translocates from the nucleus to the cytoplasm during infection, where it interacts with the activated TBK1-STING signalsome, thus inhibiting IRF3 activation through the cGAS-STING pathway. Our work reveals a novel mechanism of viral inhibition of IFN expression. Moreover, the work demonstrates that viruses must have a broad repertoire of operative immune evasion strategies to counteract host responses even in cell types not supporting productive replication.
Results
HSV-1 harbors a mechanism to inhibit type I IFN expression, which is dependent on viral gene expression but independent of ICP0 To evaluate the abilities of different HSV-1 strains to stimulate type I IFN expression, we infected PMA-differentiated macrophage-like THP1 cells with four different strains of HSV-1. Accumulation of type I IFN bioactivity was measured in supernatants harvested at different time points. As shown in Fig 1A, all strains tested induced a modest but significant IFN response at 12 h post-infection. In supernatants from cells infected with the KOS (or KOS1.1), 17+, and McKrae strains, the IFN bioactivity peaked at the 12 h time point. However, infection with the F strain led to a pronounced further increase in stimulation of IFN bioactivity between 12 and 18 h of infection. The viruses did not affect viability of the cells within the time frame of the experiment (data not shown). These data led us to hypothesize that HSV-1 harbors a mechanism to inhibit type I IFN expression, which is dependent on viral gene expression, and not activated by the F strain. It should be noted that alternative interpretations of these data cannot formally be excluded, including differential accumulation of non-productive viral DNA replication intermediates by the HSV-1 strains being the cause of differential IFN responses. To start testing the hypothesis of viral evasion of IFN expression, we first evaluated whether inhibition of viral replication could augment induction of IFN production by the KOS strain. Interestingly, the blockage of viral replication by UV treatment of virus or acyclovir enabled the KOS strain to induce significantly more IFN than the replication competent virus, whereas the replication capacity of the F strain did not impact on the IFN-inducing potential (Fig 1B and C, and Appendix Fig S1A and data not shown).
HSV-1 ICP0 is an ubiquitin E3 ligase, which has been reported to be central for viral evasion of type I IFN responses in human fibroblasts (Mossman et al, 2001; Eidson et al, 2002; Orzalli et al, 2012 Orzalli et al, , 2013 . We confirmed the previously published data by the finding that supernatants from human foreskin fibroblasts (HFF)s infected with HSV-1 7134 ICP0-deficient KOS-derived HSV-1 did indeed lead to strongly elevated IFN induction (Appendix Fig S1B) . However, there is no information on the role of ICP0 in the inhibition of innate responses in human macrophages. Therefore, we infected primary human monocyte-derived macrophages (MDM)s with the HSV-1 7134 ICP0-deficient mutant virus as well as the 7134R rescued virus.
In contrast to what was seen in HFFs, lack of ICP0 did not affect the ability of the virus to induce type I IFN production (Fig 1D) . Likewise, ICP0 deficiency did not affect HSV-1-induced expression of IFN-a or IFN-b mRNA in peripheral blood mononuclear cells (Appendix Fig S1C and D) . Finally, we were interested in evaluating whether the elevated IFN induction by the HSV-1F strain proceeded through the same innate immune pathways as for the other strains tested. Therefore, CRISPR/Cas9-generated THP1-derived cells lacking cGAS or STING were infected with different virus strains and IFN bioactivity in the supernatants was measured. For all virus strains, the stimulated IFN bioactivity was abrogated in cells lacking cGAS or STING (Fig 1E) . Collectively, these data demonstrate that HSV-1 harbors a mechanism to inhibit type I IFN expression, which is dependent on viral gene expression, but independent of ICP0. This viral immune evasion strategy targets component(s) in the cGAS-STING pathway.
Expression of HSV-1 ICP27 in macrophages correlates inversely with induction of type I IFN Given the dependence on viral replication products for inhibition of type I IFN production, we used quantitative MS-based proteomics to map the HSV-1 proteome in the cytoplasm of infected MDMs. Altogether, we identified 17 of the 77 annotated HSV-1 proteins. Among the viral proteins identified, 10 were virion proteins and 2 were involved in viral assembly and egress. In addition, we identified three proteins with functions in viral genome replication, and finally, the 2 proteins ICP4 and ICP27 involved in early viral gene expression (Fig 2A and Table S1 ). While ICP4 is mainly described to regulate viral transcription, ICP27 is a multifunctional protein with many identified protein interaction partners (Sandri-Goldin, 2011) . The expression of ICP27 in HSV-1-infected macrophages was confirmed by Western blotting on lysates from MDMs, and interestingly, we observed lower expression of ICP27 in cells infected with A THP1 cells were infected with the shown strains of HSV-1 (MOI 3). Supernatants were harvested from untreated cultures or cells infected for 12 or 18 h for measurement of type I IFN bioactivity. B THP1 cells were treated with 0.1 lg/ml of acyclovir (ACV) and infected with the KOS and F HSV-1 strains (MOI 3). Supernatants were harvested 18 hpi for measurement of type I IFN bioactivity. C THP1 cells were treated with infectious or UV-inactivated HSV-1 (strain KOS). Supernatants were harvested 18 hpi for measurement of type I IFN bioactivity. D MDMs were infected with ICP0-deficient or revertant HSV-1 (strain KOS, MOI 3). Supernatants were harvested 18 hpi for measurement of type I IFN bioactivity. E THP1-derived cells deficient for cGAS or STING were infected with the shown strains of HSV-1 (MOI 3) or stimulated with poly(I:C) (2 lg/ml). Supernatants were harvested 18 hpi for measurement of type I IFN bioactivity.
Data information: Data are presented as means of triplicates AE SD; symbols for P-values: **0.001 < P < 0.01; ***P < 0.001; ns, not significant.
Maria H Christensen et al HSV evasion of the cGAS-STING-TBK1 pathway The EMBO Journal the F strain as compared to the KOS strain at 12 hpi ( Fig 2B) . Despite the detectable expression of viral proteins in MDMs, the virus was not able to produce progeny virus in this cell type (Fig 2C) , potentially suggesting alternative functions for HSV-1 proteins in MDMs. We therefore compared expression of ICP27 in THP1 cells after infection with the four HSV-1 strains evaluated for IFN stimulation in Fig 1A. Interestingly, the KOS and McKrae strains, which induced less type I IFN after 18 h of infection, stimulated strong ICP27 expression, whereas infection with the 17+ strain led to a modest but clear expression of ICP27 ( Fig 2D) . In contrast to this, the F strain did not express ICP27 in the THP1 cells. Thus, ICP27 is part of a small subset of non-structural HSV-1 proteins expressed during infection in macrophages, and its expression correlated inversely with expression of type I IFNs.
HSV-1 ICP27 is a negative regulator of IFN induction through the cGAS-STING pathway in macrophages
It has been reported that the strain F has 961-bp changes relative to the strain 17+, resulting in 310 amino acid differences between strains F and 17+, affecting 63 out of 77 viral proteins (Szpara et al, 2010) . Thus, given the difference between HSV-1 strains, we further wanted to test ICP27 as a candidate immune evasion protein. First, to evaluate the role of ICP27 in modulation of the type I IFN response in human macrophages, we measured type I IFN bioactivity in supernatants from THP1 cells infected with either WT or ICP27-deficient KOS. At 12 h post-infection, both WT and ICP27-deficient virus induced modest but significant IFN production, with the ICP27-deficient strain inducing slightly more type I IFN than the WT strain ( Fig 3A) . However, while the IFN levels in supernatants from cells infected with the WT strain decreased after the 12-h time point, the IFN levels in supernatant of cells infected with ICP27-deficient virus increased very strongly in this time interval ( Fig 3A) . This was also seen when measuring levels of the IFN-stimulated gene CXCL10 (Appendix Fig S2A) . Similar to the observation in THP1 cells, ICP27-deficient HSV-1 also stimulated type I IFN bioactivity to much higher levels than WT virus in MDMs ( Fig 3B) . The WT and ICP27-deficient viruses did not affect cell viability within the time frame of the experiments (data not shown). The potent induction of type I IFNs by the ICP27-deficient mutant was not limited to human macrophages, because it was also seen in HFFs and murine macrophages (Appendix Fig S2B  and C) . The observed elevated IFN induction by ICP27-deficient HSV-1 was unlikely to be explained merely by the impairment of the replication cycle, since both ICP0-deficient and ICP27-deficient viruses failed to induce expression of the major capsid protein VP5 (Appendix Fig S2D) , but only the latter virus induced elevated levels of IFN. To examine whether the elevated IFN response induced by the ICP27-deficient virus proceeded through the cGAS-STING pathway, THP1-derived KO cell lines were infected with HSV-1 KOS or DICP27 virus. Measurement of IFN bioactivity in the supernatants revealed that the elevated IFN production in cells infected with the DICP27 virus was dependent on cGAS and STING (Fig 3C) , thus suggesting that ICP27 is required for targeting of the cGAS-STING pathway in the context of HSV-1 infection. To investigate whether ICP27 is sufficient to inhibit the cGAS-STING pathway, HEK293T cells were transfected with STING, ICP27, and an ISRE-driven luciferase promoter. STING transfection alone stimulated luciferase expression, but ICP27 strongly inhibited this response ( Fig 3D) . ICP27 is an immediate-early protein, but is also produced at late time points during infection, and reported to be packed into viral A MDMs were infected for 18 h with HSV-1 (KOS, MOI 1). Cytosolic viral proteins were detected by mass spectrometry using iTRAQ labeling. Identified viral proteins are shown. B MDMs were infected with the KOS or F strains of HSV-1 (MOI 3). Cell lysates were harvested 12 hpi, and levels of ICP27 and b-actin were determined by Western blotting. C HFFs and MDMs were infected with HSV-1 (KOS, MOI 0.1, and 1.0). Culture medium was replaced 3 hpi and isolated 24 hpi for viral plaque assay. Data are presented as means of triplicates AE SD. D THP1 cells were infected with the indicated strains of HSV-1 (MOI 3) for 12 h. Cell lysates were isolated, and levels of ICP27 and b-actin were determined by Western blotting.
Source data are available online for this figure.
The The EMBO Journal HSV evasion of the cGAS-STING-TBK1 pathway Maria H Christensen et al particles as a tegument protein (Maringer & Elliott, 2010) . Western blotting of viral stocks confirmed the presence of ICP27 in virions (Appendix Fig S2E) . Therefore, to examine whether ICP27 was responsible for the replication-dependent nature of the evasion of IFN responses, we treated cells with acyclovir prior to infection with WT or DICP27 HSV-1. Acyclovir treatment inhibited late but not early ICP27 expression in THP1 cells (Appendix Fig S2F) , thus suggesting early ICP27 expression in macrophages to occur as an immediate-early or gene, and the late ICP27 expression to exhibit features of a late gene. As also observed in Fig 1B, inhibition of viral replication enabled WT HSV-1 to induce high levels of IFN (Fig 3E) . By contrast, for the DICP27 virus, which induced much more IFN than the WT virus, IFN levels were not affected by acyclovir treatment. Collectively, these data suggest that de novo produced ICP27 targets the STING pathway in immortalized and primary cells to inhibit production of type I IFN.
ICP27 inhibits the cGAS-STING pathway downstream of TBK1 phosphorylation but upstream of IRF3 phosphorylation
The ICP27 protein is reported to have specific functions in both nuclear and cytosolic compartments, enabled through a shuttling mechanism, which is independent of other HSV-I proteins (Mears & Rice, 1998) . To start characterization of the mechanism through which ICP27 inhibits the cGAS-STING pathway, we first determined the subcellular distribution of ICP27 in macrophages and its development over time. Cytosolic and nuclear fractions of KOS-stimulated THP1 cells were analyzed by Western blot. ICP27 was found to be expressed in the nucleus within the first hours of infection and started also to accumulate in the cytosol after~8 h (Fig 4A) . A similar pattern was observed by confocal microscopy ( Fig 4B) . Next, we investigated how the cellular localization of ICP27 affects the inhibition of IFN expression. For this purpose, we used mutated HSV-1 virus strains, containing deletions of either the nuclear export signal (DNES) or the major nuclear localization signal (DNLS) of ICP27 ( Fig 4C) . In THP1 cells infected with the ICP27 DNES virus mutant, very low levels of ICP27 were expressed at the late time points where we observed increased IFN induction by the DICP27 virus (data not shown), thus preventing us from using this virus in our studies. By contrast, in cells infected with the ICP27 DNLS, ICP27 accumulated to higher levels in the cytoplasm at early time points, and to lower levels in the nucleus (Appendix Fig S3A) , consistent with the first description of this virus mutant (Mears et al, 1995) . Interestingly, the ICP27 DNLS mutant virus retained the ability to A THP1 cells were infected with HSV-1 KOS or an ICP27-deficient mutant (DICP27) on KOS genetic background (MOI 3). Supernatants were harvested from untreated cultures or cells infected for 12 or 18 h for measurement of type I IFN bioactivity. B MDMs were infected with HSV-1 KOS or DICP27 (MOI 3). Supernatants were harvested 18 hpi for measurement of type I IFN bioactivity. C THP1-derived cells deficient for cGAS or STING were infected with HSV-1 KOS or DICP27 (MOI 3). Supernatants were harvested 18 hpi for measurement of type I IFN bioactivity. D HEK293T cells were transfected with 12 ng STING plasmid DNA, 5 or 25 ng ICP27 plasmid DNA, and reporter gene constructs as indicated (2 × 10 4 cells per well).
Reporter gene activity was measured in lysates isolated 24 h post-transfection. E THP1 cells were infected with HSV-1 KOS or DICP27 (MOI 3) in the presence or absence of acyclovir (ACV). Supernatants were isolated 18 hpi for measurement of type I IFN bioactivity.
Data information: Data are presented as means of triplicates AE SD; symbols for P-values: ***P < 0.001; ns, not significant. The EMBO Journal HSV evasion of the cGAS-STING-TBK1 pathway Maria H Christensen et al suppress induction of type I IFNs (Fig 4D) . This indicates that full inhibition of the IFN response by HSV-1 is dependent on cytosolic location of ICP27.
To examine at which level ICP27 targets the STING pathway, the phosphorylation status of STING, TBK1, and IRF3 in KOS-and DICP27-infected THP1 cells was evaluated. Phosphorylation of STING has been demonstrated to occur in response to DNA and to generate platforms for interaction with TBK1 and IRF3 (Zhong et al, 2008; Liu et al, 2015) . Consistent with this, DNA stimulation induced a slower migrating STING band on the immunoblot and also a stronger signal when probing with the anti-pS366 STING antibody (Appendix Fig S3B and C) . For the lysates from the cells infected with virus, we were not able to reproducibly detect the slow-migrating band of phospho-STING, which emerged after stimulation with synthetic DNA (Appendix Fig S3B) . Moreover, we did not detect an increase of signal with the anti-pS366 STING antibody when analyzing lysates from HSV-1-infected macrophages (Appendix Fig S3B and C) . Together, this suggests that phosphorylation of STING occurs at only low level during HSV-1 infection and that the assays used were not sensitive enough to conclusively establish how HSV-1 infection impacts on STING phosphorylation. Despite this, TBK1 was activated during HSV-1 infection, and this was independent of ICP27 expression (Fig 4E) . By contrast, while phosphorylation of IRF3 was suppressed in HSV-infected cells at late time points after infection, this signal was retained in cells infected with DICP27 HSV-1 (Fig 4F) . In support of ICP27 acting at a step between TBK1 and IRF3 in the STING pathway, we found that ICP27 was able to inhibit an ISRE-driven luciferase promoter stimulated by STING or TBK1 but not constitutively active IRF3 (Fig 4G) . The ability of ICP27 to inhibit STING-driven signaling was also observed when cells were stimulated with cGAMP, the natural ligand for STING (Fig 4H) . Interestingly, the ability of ICP27 to inhibit the ISRE reporter gene was also observed when the transcription was stimulated by TRIF and MAVS, the adaptor proteins for TLR3 and RIG-I-like receptors, respectively (Fig 4I) . By contrast, ICP27 did not affect NF-jB-driven transcription stimulated by IKKb, nor the modest activation of this reporter gene by TBK1 (Appendix Fig S3D) . Thus, ICP27 inhibits HSV-1-induced IFN expression by targeting a step between activation of TBK1 and IRF3 in the cGAS-STING pathway.
ICP27 interacts with the active STING-TBK1 signalsome
It is well established that DNA stimulation leads to recruitment of TBK1 to STING (Saitoh et al, 2009; Tanaka & Chen, 2012) . We confirmed the inducible nature of the interaction between endogenous TBK1 and STING in lysates from cells infected with the HSV-1 KOS strain (Fig 5A) . Importantly, ICP27 was co-immunoprecipitated with the STING-TBK1 complex (Fig 5A) , and ICP27 exhibited colocalization with both pTBK1 and STING by confocal microscopy ◀ Figure 4 . ICP27 inhibits the cGAS-STING pathway downstream of TBK1 phosphorylation but upstream of IRF3 phosphorylation.
A THP1 cells were infected with HSV-1 KOS or DICP27 (MOI 3). Cytoplasmic and nuclear extracts were isolated at the indicated time points post-infection, and levels of ICP27, RCC1, and GAPDH were determined by Western blotting. B THP1 cells were infected with HSV-1 KOS or DICP27 (MOI 10). The cells were fixed at the indicated time points post-infection, stained with DAPI and an antibody against ICP27, and visualized by confocal microscopy. Scale bar, 10 lm. C, D THP1 cells were infected with HSV-1 KOS, DICP27, or HSV-1 DNLS. The localization of the major NLS is illustrated in (C). Supernatants were harvested 18 hpi for measurement of type I IFN bioactivity. E, F THP1 cells were infected with HSV-1 KOS or DICP27 (MOI 3). Cytoplasmic (E) and nuclear extracts (F) were isolated at the indicated time points post-infection.
Western blotting was used to determine levels of phospho-and total TBK1 were determined in the cytoplasmic fractions and levels of phospho-IRF3 and RCC1 in the nuclear fractions. G-I HEK293T cells were (G) transfected with STING, TBK1, IRF3-5D, and ICP27, (H) transfected with STING and stimulated for 16 h with cGAMP (4 lg/ml) or (I) transfected with TRIF, MAVS, STING, and ICP27, together with the reporter gene constructs indicated. Reporter gene activity was measured 24 h post-transfection.
Data information: Data are presented as means of triplicates AE SD; symbols for P-values: *0.01 < P < 0.05; **0.001 < P < 0.01; ns, not significant. Source data are available online for this figure. A Lysates from THP1 cells infected with HSV-1 KOS (MOI 10) were subjected to immunoprecipitation using an anti-STING antibody, and the presence of TBK1, STING, and ICP27 in the precipitates was detected by Western blotting. B, C THP1 cells were infected with HSV-1 KOS (MOI 10) for 6 and 8 h. The cells were fixed and stained with DAPI and anti-ICP27 together with anti-pTBK1 (B), or anti-STING (C). The stainings were visualized by confocal microscopy. Arrowheads, co-localizations between ICP27 and pTBK1/STING. Scale bar, 10 lm. D TBK1 was immunoprecipitated from whole-cell lysates from HEK293T cells transfected with ICP27 and each of the adaptor proteins TRIF, MAVS, and STING. The precipitates were immunoblotted for TBK1, ICP27, and STING. E THP1 control and STING KO cells were infected with HSV-1 KOS (MOI 10) for 6 and 8 h, and total lysates were generated. TBK1 was immunoprecipitated and subjected to Western blotting using antibodies against ICP27, phospho-TBK1 (pTBK1), and TBK1. F THP1 control and TBK1 KO cells were infected with HSV-1 KOS (MOI 10) for 8 h, and total lysates were generated. STING was immunoprecipitated and subjected to Western blotting using antibodies against ICP27 and STING. G THP1 cells were infected with HSV-1 KOS (MOI 10) for 8 h in the presence or absence of the TBK1 inhibitor BX795 (BX, 200 nM). Total lysates were generated and STING was immunoprecipitated and subjected to Western blotting using antibodies against ICP27 and STING. H THP1 cells were infected with HSV-1 KOS (MOI 10) for 6 and 8 h, and total lysates were generated. Phospho-TBK1 was immunoprecipitated and subjected to Western blotting using antibodies against ICP27 and total TBK1. I TBK1 was immunoprecipitated from whole-cell lysates from HEK293T cells transfected with ICP27 and STING (either WT or S366A). The precipitates were immunoblotted for TBK1, ICP27, and STING.
Source data are available online for this figure. The EMBO Journal HSV evasion of the cGAS-STING-TBK1 pathway Maria H Christensen et al (Fig 5B and C) . ICP27 was also co-immunoprecipitated with antibodies against the TBK1-related kinase IKKe (Appendix Fig S4A) , demonstrating that the viral protein interacts with both of the IKKrelated kinases. By contrast, ICP27 did not co-immunoprecipitate with AKT, and another kinase involved in the cellular response to HSV infections (Appendix Fig S4B) (Cheshenko et al, 2014; Seo et al, 2015) . Immunoprecipitation of TBK1 in lysates from HEK293T cells transfected with ICP27 and STING revealed that ICP27 was able to engage in the STING-TBK1 complex in the absence of other viral proteins (Fig 5D) .
To decipher the requirements for the interaction between ICP27 and the STING-TBK1 complex, we immunoprecipitated TBK1 from HSV-1-infected control and STING KO THP1 cells. Interestingly, ICP27 was co-immunoprecipitated with TBK1 in lysates from control cells but not from STING-deficient cells (Fig 5E) . Likewise, we did not co-precipitate ICP27 with STING in TBK1-deficient cells (Fig 5F) . This demonstrates a dependency for both STING and TBK1 to enable ICP27 to engage in the interaction. Assembly of the STING signalsome upon recognition of cytosolic DNA is critically dependent on the kinase activity of TBK1, which undergoes autophosphorylation (Larabi et al, 2013; Tu et al, 2013) , and also phosphorylates both STING and IRF3 . We next examined whether the kinase activity of TBK1 was required for the interaction of ICP27 with the STING-TBK1 complex. As expected, the TBK1 inhibitor did block induction of type I IFN production by HSV-1 and the DICP27 mutant (Appendix Fig S4C) . Strikingly, the readily detectable interaction between ICP27 and STING in cells infected with HSV-1 KOS was totally abrogated if TBK1 activation was blocked (Fig 5G) . Although the interaction between ICP27 and the TBK1-STING complex was dependent on the kinase activity of TBK1, the proteinprotein interactions seemed not to involve the phosphorylated serine 172 on TBK1, because the epitope recognized by the anti-pTBK1 antibody was able to co-immunoprecipitate ICP27 together with phosphorylated TBK1 (Fig 5H) . Moreover, the co-immunoprecipitation of STING, TBK1, and ICP27 was independent of the STING serine 366, which is essential for recruitment of IRF3 and transcriptional activation (Fig 5I and Appendix Fig S4D) . This suggests that ICP27 is recruited to the TBK1-activated STING signalsome, to inhibit TBK1-mediated phosphorylation of IRF3 and downstream expression of type I IFN genes.
ICP27 from the Simplexvirus genera of Alphaherpesvirinae inhibits IFN production in a manner dependent on the RGG box ICP27 is conserved among herpesviruses. We performed a sequence alignment of human herpesvirus ICP27 homologs to more precisely determine the degree of homology and to identify the regions in the proteins exhibiting most homology. As seen in Fig 6A, although clearly homologous, the herpesvirus ICP27 homologs differ substantially, with the core ICP27 homology box being the most conserved between alpha-, beta-, and gamma-herpesviruses. Within the family of alpha-herpesviruses, HSV-2 ICP27 is closely related to HSV-1 ICP27 with all known domains and motifs being conserved, while only the ICP27 homology domain is conserved in varicella zoster virus (VZV) ICP27 (ORF4). We therefore decided to make a more detailed comparison of ICP27 from different alpha-herpesviruses. This family can be subdivided into the Ilto, mardi, varicello, and simplex genera, and we found that although the ICP27 homology domain was conserved, significant differences were observed between the genera (Fig 6B) . In particular, we observed that lack of the amino-terminal part of ICP27, which was conserved in the simplex genera of alpha-herpesviruses, was a general phenomenon for alpha-herpesviruses of the varicello genera. To examine whether ICP27 of other alpha-herpesvirus also contributed to viral inhibition of type I IFN expression, we focused on ICP27 of HSV-2 and the UL54 of varicello alpha-herpesvirus pseudorabies virus (PRV). First, we examined an HSV-1 DICP27 mutant reconstituted with HSV-2 ICP27. Similar to HSV-1, HSV-2 was a weak inducer of IFN production in macrophages, and introduction of HSV-2 ICP27 into the HSV-1 DICP27 mutant enabled the virus to strongly suppress IFN production (Fig 6C) . In contrast to this, the ability of PRV to induce IFN production was not affected by the lack of UL54 (Fig 6D) .
Within the amino-terminal domain of ICP27 from the Simplexvirus genera is found an RGG box, which is involved in both RNA binding and protein-protein interactions (Mears & Rice, 1996; Corbin-Lickfett et al, 2010; Sandri-Goldin, 2011) . The RGG box is well conserved among ICP27 proteins of the simplex genera (Fig 6E) . We therefore wanted to examine whether this motif contributed to the ability of ICP27 to inhibit HSV-1-induced expression of type I IFNs. Cells were infected with a virus strain carrying an ICP27 DRGG mutant, and IFN production was compared to what was induced by HSV-1 KOS or the DICP27 mutant. Interestingly, the supernatants from cells infected with the ICP27 DRGG mutant contained significantly more type I IFN than cultures from cells infected with HSV-1 KOS (Fig 6F) , and co-immunoprecipitation revealed that ICP27 DRGG failed to interact with the STING signalsome (Fig 6G) . Collectively, these data demonstrate that the ability of ICP27 to inhibit type I IFN production is conserved among viruses of the simplex genera of alpha-herpesviruses and is mediated by targeting of the TBK-1 activated STING signalsome to prevent activation of the central IFN-inducing transcription factor IRF3.
Discussion
The ability of viruses to evade and modulate the host immune response is of central importance for successful establishment and maintenance of infection. The innate immune system constitutes the first line of defense against infection, and particularly the type I IFN system is important for early control of viruses (McNab et al, 2015) . Therefore, viruses have evolved sophisticated strategies to inhibit and evade the IFN system, and knowledge of these strategies will greatly advance our understanding of the pathogenesis of specific viral diseases (Bowie & Unterholzner, 2008) . To identify HSV-1 IFN evasion proteins, we used a system where the IFN induction potential of different HSV-1 strains was compared and combined with mass spectrometric analysis for viral gene expression in cells infected with a low-inducing strain. Identified candidates were subsequently tested further. The key criteria for the validations were as follows: (i) the viral candidate protein should be expressed in lower levels in human primary macrophages infected with the F strain as compared to the KOS strain, (ii) a viral mutant on KOS background lacking the candidate protein should induce significantly more protein than the WT virus, (iii) expression of the viral candidate protein alone should reduce induction of IFN-b Figure 6 . ICP27 from the simplex virus genera of alpha-herpesviruses inhibits IFN production in a manner dependent on the RGG box.
A, B Alignment of the ICP27 homologs of the human herpesviruses (A) and a series of alpha-herpesviruses (B). The diagram to the right illustrates the degree of similarity with HSV-1 ICP27 and the distribution within the molecules. C THP1 cells were infected with HSV-1 (KOS), HSV-2 (HG52), HSV-1 DICP27, or HSV-1 DICP27 rescued with HSV-2 ICP27 (MOI 3). Supernatants were harvested 18 hpi for measurement of type I IFN bioactivity. D RAW264.7 cells were infected with HSV-1 (KOS), PRV (vBecker3) and the corresponding mutants lacking ICP27 (UL54 in the case of PRV). Supernatants were harvested 18 hpi for measurement of type I IFN bioactivity. E Alignment of the RGG box of in ICP27 proteins of the simplex virus genera of alpha-herpesviruses. F THP1 cells were infected with HSV-1 (KOS), DRGG, or DICP27 (MOI 3). Supernatants were harvested 18 hpi for measurement of type I IFN bioactivity. ICP27 expression in the infected cells was determined by Western blotting. G THP1 cells were infected with HSV-1 KOS or HSV-1 DRGG (MOI 10) for 8 h, and total lysates were generated. STING was immunoprecipitated and subjected to Western blotting using antibodies against ICP27 and STING.
Data information: Data in (C, D, and F) are presented as means of triplicates AE SD; symbols for P-values: *0.01 < P < 0.05; **0.001 < P < 0.01; ns, not significant. Source data are available online for this figure.
The The EMBO Journal HSV evasion of the cGAS-STING-TBK1 pathway Maria H Christensen et al expression. We report that HSV-1 inhibits the STING-TBK1-IRF3 pathway by directing ICP27 to the activated STING-TBK1 signalsome, thus preventing phosphorylation and activation of the transcription factor IRF3 (Appendix Fig S5) . Macrophages are often resident at or recruited to sites of viral infection, but are rarely the major source of viral production. Despite this, data suggest that the IFN derived from this cell lineage is very important for the ability of an organism to control viral infections (Eloranta & Alm, 1999; Kumagai et al, 2007; Goritzka et al, 2015) . However, there are limited data as to how viruses seek to evade IFN expression in macrophages and in general in cell types where many viruses replicate inefficiently. We found that HSV-1 infection in human macrophages led to detectable expression of only a subset of viral genes and no or only very limited productive replication. Despite this, the virus had the capacity to both stimulate and inhibit the STING-TBK1 pathway. Entry of HSV involves a spectrum of broadly expressed receptors, and consequently, this class of viruses can enter into many cell types (Heldwein & Krummenacher, 2008) , whereas highly efficient replication mainly occurs in epithelial cells, fibroblasts, and neurons (Roizman et al, 2013) . The present data suggest that viral gene expression and protein production in cells not productively infected are not merely dead-end activities by the virus, but may serve the purpose of modulating host responses, including IFN production. In cell types where the virus replicates productively, such as HFFs, ICP27-deficient HSV-1 also stimulated more IFN production than WT virus, demonstrating that the mechanism described in this work is also operative in permissive cell types. However, consistent with the literature on ICP0 as a central immune evasion protein in fibroblasts, viruses lacking ICP0 were even more potent inducers of IFN in HFFs (Mossman et al, 2001; Eidson et al, 2002; Orzalli et al, 2012 Orzalli et al, , 2013 . These data suggest that HSV uses cell type-specific mechanisms to counteract the production of type I IFN.
At the mechanistic level, ICP27 interferes with events in the STING signalsome occurring between TBK1 activation and phosphorylation of IRF3. This part of the STING signaling pathway has recently been elucidated in some details (Tanaka & Chen, 2012; Liu et al, 2015) . Notably, active TBK1 phosphorylates STING at least at two residues, namely S358 and S366, which serve as docking sites for TBK1 and IRF3, respectively (Zhong et al, 2008; Liu et al, 2015) . Key findings of the present study are as follows: (i) ICP27 did not impact on phosphorylation of TBK1, but led to reduced phosphorylation and activation of IRF3, (ii) ICP27 interacted with TBK1 and STING in a manner dependent on all factors being expressed, (iii) the recruitment of ICP27 to the STING signalsome was dependent on TBK1 activity, (iv) the recruitment of ICP27 to the STING signalsome was dependent on the RGG motif in ICP27, but independent of S366 on STING, (v) ICP27 inhibited ISRE transcription by all three major IFN-stimulating innate adaptor proteins. Based on these findings, our data are consistent with two models, which are not mutually exclusive. In the first model, ICP27 interacts directly with active TBK1. If this is the case, the interaction most likely does not involve the phosphorylation site on TBK1, since we were able to coimmunoprecipitate ICP27 with an anti-pTBK1 antibody, but must occur through a different surface. In this respect, it is interesting that TBK1 undergoes a conformational change upon activation and exposes surfaces which are hidden in the inactive kinase . We did observe co-immunoprecipitation of TBK1 and ICP27 in HEK293T cells not expressing STING, and this was amplified by co-expression of STING. In the second model, ICP27 interacts with activated STING in the STING-TBK1 complex. Following phosphorylation on S366, STING harbors a negatively charged surface, which is conserved on TRIF and MAVS, and interacts with IRF3 to position it for TBK1-dependent phosphorylation . ICP27 could interact with this surface through the positively charged RGG box to prevent recruitment and activation of IRF3. However, we did observe recruitment of ICP27 to the STING-TBK1 complex in cells expressing the S366A mutant, thus arguing against S366 on STING to be the binding site for ICP27 on STING. Therefore, based on the data presented, we favor a model that combines the two models described above: ICP27 has low basal affinity for nonactivated TBK1. Upon DNA stimulation, ICP27 binds strongly to the TBK1-STING complex. This strong interaction is either due to increased affinity of ICP27 for activated TBK1, or ICP27 interacting with both TBK1 and STING in the signalsome. Future work should further characterize the interaction between ICP27 and TBK1/STING and evaluate whether this can be mechanistically separated from the role of ICP27 in viral replication. Such knowledge would pave the way for generation of viruses that are selectively defective in ICP27-mediated targeting of TBK1-STING, and thus allow evaluation of the impact of this mechanism on the pathophysiology of HSV-1 in vivo.
There is now an emerging literature on inhibition of DNAstimulated IFN responses by herpesviruses. In particular, KSHV has been demonstrated to target these responses with several proteins. The KSHV tegument protein ORF52, which is conserved among gammaherpesviruses, has also been reported to antagonize the cGAS-STING pathway by preventing cGAS-mediated cGAMP production . This involves a dual mechanism with ORF52 binding both cGAS and DNA. Moreover, a cytoplasmic isoform of the latency-associated nuclear antigen interacts with cGAS and prevents phosphorylation of STING (Zhang et al, 2016) . Finally, the KSHV protein vIRF1 inhibits the cGAS-STING pathway by preventing recruitment of TBK1 to STING . For HCMV, the pUL83 protein targets IFI16 (Li et al, 2013a) , which is a DNA-binding protein that is essential for DNAstimulated cGAS-and STING-dependent IFN production (Jakobsen et al, 2013; Hansen et al, 2014) . Finally, we recently reported that the deubiquitinase activity of the conserved large herpesvirus tegument protein contributes to control of type I IFN production in macrophages, through a mechanism involving prevention of viral DNA release into the cytoplasm (Sun et al, 2015) . Thus, herpesviruses have evolved conserved as well as virus-specific mechanisms to prevent innate DNA sensing and signaling.
In conclusion, we have identified a mechanism through which HSV-1 inhibits IFN production in macrophages through ICP27-mediated interaction with the active STING signalsome. ICP27 prevented IRF-driven signaling downstream of not only STING but also MAVS and TRIF. Therefore, ICP27 could potentially inhibit IFN signaling from all known HSV-sensing PRRs, including TLR3, which is essential for control of HSV-1 replication in the CNS in humans (Zhang et al, 2007) . Finally, since we found that ICP27 did not inhibit TBK1 phosphorylation, we cannot exclude that the STING-TBK1 complex remains active, and is redirected toward other substrates, which would favor viral infection. The concept of viral exploitation of existing cellular signaling platforms has been suggested (Chaurushiya et al, 2012) and deserves more attention in the context of immune evasion.
Materials and Methods

Cells
PBMCs were isolated from healthy blood donors (Finnish Red Cross Blood Transfusion Service) and differentiated into MDMs in the presence macrophage-SFM medium (Life Technologies) supplemented with GM-CSF. PBMCs were isolated from heparin-stabilized blood by a Ficoll density gradient and cultured in RPMI 1640 media (BioWhittaker; Lonza/Biowest) containing 10% heat-inactivated FBS (Life Technologies) and 1% L-glutamine (Life Technologies; Medium+). THP1 cells and CRISPR-generated knock cell lines were maintained in RPMI (Lonza), supplemented with 10% FCS (Sigma), 600 lg/ml L-glutamine (Sigma), 100 U/ml penicillin, and 100 lg/ml streptomycin (Gibco). For experiments, the THP1 cells were differentiated with 150 nM phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich). Further details can be found in the Appendix Supplementary Experimental Procedures. 
Western blotting
Whole-cell extracts, cytoplasmic fractions, nuclear fractions, stocks of viral particles, and Co-IP samples were analyzed by Western blot. Samples were diluted in XT sample buffer and XT reducing agent and ran on a SDS-PAGE (Criterion  TM TGX   TM   ) . Trans-Blot Turbo TM Transfer System â was used for the transfer of proteins to PVDF membranes (all reagents Bio-Rad). The membrane was blocked in 5% Difco TM skim milk (BD) or 5% bovine serum albumin (BSA) (Sigma). For further information on sample preparation and antibodies, see Appendix Supplementary Experimental Procedures.
Immunoprecipitation
Cleared cell lysates were incubated with antibodies against pTBK1 (1:50), TBK1 (1:50), IKKe (1:50), STING (1:50), or pan-AKT (1:50) antibody (all Cell Signaling Technology) overnight at 4°C. Protein G Dynabeads â (Novex by Life Technologies) were added for the last 2 h (0.9 mg per IP reaction in 240 ll). Immunoprecipitated complexes were eluted from the beads with a glycine buffer (200 mM glycine, pH 2,5), and protein expression was evaluated by Western blotting.
Confocal microscopy
PMA-differentiated THP1 cells were seeded on coverslips and stimulated as indicated. The cells were fixed with 4% formaldehyde (Sigma), permeabilized with 0.1% Triton X-100 (Sigma), and blocked with 1% BSA (Sigma). Cells were stained with primary anti-ICP27 (P1113) (1:200) and anti-pTBK1 (1:50) or anti-STING (1:50) for 2 h and with secondary antibody (all 1:500, Alexa Fluor) (Invitrogen) for 1 h. Cell nucleai were stained with DAPI (Invitrogen). Images were acquired on Zeiss LSM 710 confocal microscope using a 63× 1.4 oil-immersion objective and processed with the Zen2010 (Zeiss) and ImageJ software.
Mutagenesis
The S366A mutation was introduced into STING by site-directed mutagenesis using the pcDNA3/STING vector as template and forward primer 5 0 -GGGCTTTTCCATTCCAGCGATGAGGAGCTCA GGC-3 0 and reverse primer 5 0 -GCCTGAGCTCCTCATCGCTGGAATG GAAAAGCCC-3 0 . The PCR was made by using Pfu Ultra II buffer and Pfu Ultra II Fusion HS DNA polymerase (Agilent), 100 ng template, and primers at a concentration of 1.25 ng/ll in a total volume of 100 ll.
Reporter gene assay
HEK293T cells were transfected as indicated with polyethylenimine and left for 24 h before analysis of luciferase activity. The firefly and renilla luciferase signals were developed with Dual Glo â luciferase assay (Promega) and read on Luminoskan Ascent (Labsystems). Further details can be found in the Appendix Supplementary Experimental Procedures.
Real-time qPCR
PBMCs were treated as described for 6 h, and total RNA was isolated with High Pure RNA Isolation Kit (Roche). IFN-b and IFNa2 mRNA expressions were determined by real-time qPCR, using TaqMan detection systems (Thermo scientific). mRNA expressions were normalized to b-actin. Primer-probe kits: IFN-b, Hs01077-958_s1; IFN-a2, Hs00265051_s1; and b-actin, Hs99999903_m1 (all Thermo Scientific).
Virus plaque assay
MDMs and HFFs were infected with HSV-1 KOS at MOI 0.1 and 1.0. Supernatants were harvested 24 h later, and the virus yield was The EMBO Journal HSV evasion of the cGAS-STING-TBK1 pathway Maria H Christensen et al quantified using the plaque titration assay on Vero cells as described previously (Reinert et al, 2012) .
Mass spectrometry
The cytosolic proteins were identified and quantified using iTRAQ labeling combined with liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis of the resulting peptides. Further details can be found in the Appendix Supplementary Experimental Procedures.
Statistical analysis and reproducibility of results
The data are shown as means of biological replicates AE SD. Statistically significant differences between groups were determined using two-tailed Student's t-test when the data exhibited normal distribution and Wilcoxon rank-sum test when the data set did not pass the normal distribution test. The data shown are from single experiments. All experiments were performed at least 3 times with similar results.
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